Study Objectives: Pediatric obstructive sleep apnea (OSA) is associated with cardiovascular consequences, including accelerated atherosclerosis and endothelial dysfunction. Increased lipid peroxidation, a marker of oxidative stress, has been identifi ed in adults with OSA in a severity-dependent manner, with attenuation following treatment with continuous positive airway pressure therapy. Studies on oxidative stress in children with OSA are sparse and results are inconclusive. The objective of this study was to compare lipid peroxidation in children with OSA to non-OSA children. Methods: A prospective cross-sectional study of 26 children with polysomnography-confi rmed OSA (oAHI ≥ 5/h TST) was conducted. Thirty age-and body mass index z-score-matched children with primary snoring (PS) served as a comparison group (oAHI ≤ 1/h TST). Fasting blood samples were obtained on the morning following the sleep study. Plasma oxidized low-density lipoprotein (oxLDL) concentrations were measured by enzyme-linked immunosorbent assay.
O bstructive sleep apnea (OSA) is a prevalent condition that affects up to 3% of all children. [1] [2] [3] Similar to adults, pediatric OSA is associated with an increased risk of cardiovascular morbidities. Altered autonomic function, systemic hypertension, decreased left ventricular function, accelerated atherogenesis, and endothelial dysfunction have all been documented in children with OSA. [4] [5] [6] [7] [8] [9] [10] [11] [12] A large body of evidence has demonstrated that OSA in adults is strongly associated with oxidative stress, which is a major contributor to cardiovascular morbidity. 13 The drastic changes in oxygen tension that accompany repeated breathing cessations in OSA promote oxidative stress similar to hypoxia/reoxygenation injury, 13, 14 resulting in increased production of reactive oxygen species (ROS) which damages cellular components and various biomolecules, such as lipids, proteins, DNA, and carbohydrates, and alters their biological functions. Of these, lipids are the most prone to oxidation and are also a surrogate marker of atherosclerosis and cardiovascular morbidity in adults and in children. [15] [16] [17] [18] [19] [20] [21] Increased lipid peroxidation has been repeatedly shown in adults with OSA in a severity-dependent manner, with attenuation following treatment with positive airway pressure (CPAP). [22] [23] [24] [25] [26] [27] [28] [29] Oxidative stress is also associated with a variety of other conditions, such as obesity, smoking, hypertension, hyperlipidemia, and diabetes, that frequently appear concomitantly with OSA in the adult population, 13 but which are much less likely to affect children. As such, in the context of cardiovascular morbidity and oxidative stress, investigating oxidative stress in children with OSA may have a particular added value. Studies on oxidative stress in children with OSA are relatively sparse and their results are inconclusive, most likely due to different methodologies. [30] [31] [32] [33] [34] [35] [36] Moreover, since there is some evidence to suggest that snoring without OSA may also be associated with long-term consequences, 37, 38 it is important to investigate the differences between snoring associated with OSA syndrome and gas exchange abnormalities and habitual snoring without OSA, i.e., primary snoring (PS). Oxidized low-density lipoprotein (oxLDL) is a marker of lipid peroxidation and oxidative
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stress and, more importantly, a key mediator of atherosclerosis and cardiovascular morbidity with prognostic value/quality. [17] [18] [19] [20] [21] The aim of the current study was to investigate lipid peroxidation, a marker of oxidative stress, by measuring plasma oxLDL in children with polysomnography (PSG)-confirmed OSA. We hypothesized that children who snore and have OSA will exhibit increased lipid peroxidation in comparison to children who snore and do not have OSA.
METHODS

Study Participants
Healthy snoring children who were referred for PSG evaluation due to suspected sleep disordered breathing were recruited prospectively. Children with any chronic medical condition such as diabetes, hypertension, dyslipidemia, chronic inflammatory diseases, or any genetic, neuromuscular, or craniofacial syndrome were excluded. In addition, children with asthma on medications and on asthma exacerbation (by history and physical examination) were also excluded.
Data on height and weight were obtained from each participant and calculated for the body mass index (BMI) and the BMI-z score. Obesity was defined as a BMI z-score > 1.65. Data on family history of cardiovascular diseases, passive smoking, asthma, and tonsil size on physical examination were also collected. The study was approved by the institutional review board of the Tel Aviv Medical Center. Informed consent was obtained from the parents of all participants.
Overnight PSG
A standard overnight multichannel PSG evaluation was performed on each patient in the sleep laboratory. Chest and abdominal wall movement were monitored by respiratory impedance or inductance plethysmography, and heart rate was monitored by electrocardiography. Air flow was measured by end-tidal capnography, which also provided breath-by-breath assessment of end-tidal carbon dioxide levels ([PETCO 2 ]; BCI SC-300, Menomonee Falls, WI), as well as by a nasal pressure transducer and an oronasal thermistor. Arterial oxygen saturation (SpO 2 ) was assessed by pulse oximetry (Nellcor N 100; Nellcor Inc., Hayward, CA), with simultaneous recording of the pulse waveform. A bilateral electrooculogram, 8 channels of electroencephalogram, and chin and anterior tibial electromyograms were also monitored. All measures were digitized using a commercially available PSG system (EMBLA, MedCare diagnostics, Amsterdam, The Netherlands). Digital time-synchronized video recording was performed, and sleep architecture was assessed by standard techniques. 39 The proportion of time spent in each sleep stage was expressed as percentage of total sleep time (TST). Central, obstructive, and mixed apneic events were counted. Obstructive apnea was defined as the absence of airflow with continued chest wall and abdominal movement for ≥ 2 breaths. Hypopneas were defined as a decrease in oronasal flow ≥ 50% on either the thermistor or nasal pressure transducer signal, with a corresponding decrease in SpO 2 ≥ 3% and/or arousal.
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The obstructive apnea-hypopnea index (oAHI) was defined as the number of apneas and hypopneas per hour of TST.
Moderate-severe OSA was defined as an oAHI > 5/h of TST, while normal PSG was defined as an oAHI < 1/h of TST. Children with moderate-severe OSA were included in the OSA group, and children with normal PSG results served as a comparison group.
Lipid Peroxidation
Fasting blood samples were drawn on the morning following the sleep study. Blood samples were immediately centrifuged, and plasma was frozen at −80°C until assay. Plasma oxLDL levels were measured by commercially available enzymelinked immunosorbent assay (ELISA) methods (Mercodia, Sweden) according to manufacturer's instructions and by using 3 external standard samples with known values. The lipid profile (cholesterol, triglycerides, LDL, and high-density lipoprotein [HDL]) was also assessed.
Analysis
The statistical analyses were performed with SPSS (version 19.0; SPSS Inc., Chicago, IL). Children with moderate-severe OSA were compared to age-and BMI z-score-matched children who had normal PSG findings (primary snoring [PS] ).
Comparisons of variables according to group assignment (i.e., OSA or PS) were performed with independent t-tests and the Mann-Whitney nonparametric test for continuous variables, and χ 2 analyses for categorical variables. Spearman correlations were calculated between variables since most variables were not normally or log normally distributed. Multiple regression analysis was performed with oxLDL as a dependent variable. All reported p-values are 2-tailed, with statistical significance set at p < 0.05.
RESULTS
Twenty-six children with moderate-severe OSA were compared to 30 children with PS. There were no differences in the characteristics, PSG results, and lipid profiles between groups ( Table 1) . The mean oxLDL levels were significantly higher in the OSA group compared to the PS group (53.1 ± 13.0 vs. 45.7 ± 10.0 U/L, respectively, p = 0.02; Figure 1 ). There was a significant positive correlation between the oAHI and oxLDL levels (r = 0.29, p = 0.03), and a significant negative correlation between SpO 2 nadir and oxLDL levels (r = −0.29, p = 0.03). Due to technical problems, we were able to retrieve data on the oxygen desaturation index (ODI) and the time spent in SpO 2 < 90% for only 32 subjects (16 OSA and 16 PS), but SpO 2 nadir was available for all participants.
As expected, the mean values of both variables were significantly higher in the OSA group compared to the PS group (4.5 ± 3.4 vs. 0.06 ± 0.1, p < 0.0001 for ODI, and 0.12 ± 0.18 vs. 0.01 ± 0.0%, p < 0.03 for time spent with SpO 2 < 90%, respectively). A significant positive correlation was found between oxLDL levels and ODI (r = 0.51, p = 0.003; Figure 2) . In addition, there were significant positive correlations between oxLDL and LDL levels (r = 0.70, p < 0.0001), oxLDL and cholesterol levels (r = 0.66, p < 0.0001), and a significant negative correlation between oxLDL and HDL levels (r = −0.28, p = 0.04). No correlations were found between oxLDL levels and maximum EtCO 2 levels or arousal index.
Multiple regression analysis with oxLDL as a dependent variable and PSG measures, family history of CVS morbidity, age, BMI-z score, passive smoking, tonsil size, and asthma as independent variables revealed that mean SpO 2 and family history of CVS morbidity were the only predictive variables for oxLDL levels (p = 0.007 and p = 0.03, respectively), accounting for 26% of the variable.
DISCUSSION
The results of the present study show that childhood OSA is associated with increased lipid peroxidation, a marker of oxidative stress and cardiovascular morbidity in a severitydependent manner. Notably, our results show that the degree of lipid peroxidation correlates with the degree of intermittent hypoxia, as reflected by the ODI, which is most likely the mechanism underlying this association. Studies in adults have shown that OSA is associated with oxidative stress in a severity-dependent manner, with attenuation following treatment with CPAP. [22] [23] [24] [25] [26] [27] [28] [29] Since obesity, smoking, diabetes, and hypertension are relatively common in adults with OSA and concurrently and independently contribute to oxidative stress, our findings in children provide information on the relationship of OSA and oxidative stress that is unaffected by the coexistence of these conditions. Several studies have thus far investigated oxidative stress in children. The first study, by Dogruer et al., showed higher serum levels of malondialdehyde and increased activity of antioxidant defense mechanisms (superoxide dismutase and glutathione peroxidase) in the pre-tonsillectomy compared with the posttonsillectomy period. 30 Their study, however, did not include an objective assessment of OSA and OSA severity. Verhulst et al. measured serum uric acid as a biomarker of tissue hypoxia and oxidative stress in overweight and obese children with OSA and found significant correlations between OSA severity and uric acid concentrations independently of adiposity. 31 Similar to our finding, a more recent publication from the same group has shown positive correlation between uric acid concentration and ODI and reduction in these levels following weight loss in obese children. 35 Biltagi et al. reported increased levels of 8-isoprostane (another biomarker of lipid peroxidation) in breath condensates of children with OSA, a positive correlation between clinical scores of disease severity and 8-isoprostane levels, and a positive correlation between 8-isoprostane levels and the degree of cardiac dysfunction. 32 In a recent publication by Malakosioti et al., increased morning levels of hydrogen peroxide in exhaled breath condensate were found in children with moderate-severe OSA. 34 In contrast, Montgomery-Downs et al. used urinary F2-isoprostance metabolite levels, a specific product of lipid peroxidation, and did not find any correlation between oxidative stress and the severity of OSA-related PSG measures. 33 One explanation for the negative results in their study could be the relatively small number of children with moderate-severe OSA investigated (7 children), as reflected by the mean oAHI of the study group (1.8 ± 4.6). 33 In the present study, we measured plasma oxLDL, a product of lipid peroxidation that had not been previously determined in children with PSG-confirmed OSA. In addition to being a marker of lipid peroxidation, oxLDL is also involved in the progression of atherosclerosis. Given that accelerated atherosclerosis is one of the known long-term consequences of OSA, our evidence of a link between OSA and oxLDL may have clinical implications. Our results showed that oxLDL levels are elevated in children with OSA compared to children with PS and that oxLDL levels correlate with the oAHI, which reflects the severity of the disorder. Importantly, similar to previous findings in obese children, we showed that oxLDL levels correlate with ODI, a PSG measure of the degree of intermittent hypoxia.
Although it has been suggested that PS may be associated with long-term consequences, 37, 38 our results indicate that snoring in the absence of OSA is not associated with the same level of lipid peroxidation as in OSA, suggesting that sleep fragmentation is most likely the mechanism underlying the long-term effects of PS. The chain of events that promotes oxidative stress in OSA is most likely initiated by repeated breathing cessations accompanied by drastic changes in oxygen tension, similar to a hypoxia/reoxygenation injury, resulting in increased ROS production. The excess ROS damages cellular components and various biomolecules, particularly lipids, and alters their biological functions. 13 Several studies have indicated that childhood OSA is associated with accelerated atherogenesis and endothelial dysfunction. [8] [9] [10] [11] [12] Lipid peroxidation is also a marker of cardiovascular morbidity; therefore, the findings of the current study support this notion. Several studies have shown that oxLDL is taken up by macrophages, leading to macrophage foaming and the progression of atherosclerosis. [17] [18] [19] [20] [21] 42, 43 Others have shown that intermittent hypoxia increases the generation of ROS in the vascular wall and induces lipid peroxidation and formation of oxLDL, creating a substrate for atherosclerotic plaques. [17] [18] [19] [20] [21] 44, 45 Our cohort consists of a relatively small number of children, and technical restraints precluded our providing the ODI and the time spent with SpO 2 less than 90% for more than 32 of the 56 children. Nevertheless, our demonstration of such a significant positive correlation between oxLDL and ODI warrants further studies on larger patient populations and investigation into the effect of treatment (e.g., adenotonsillectomy).
In conclusion, OSA in children is associated with increased lipid peroxidation, a marker of oxidative stress and cardiovascular morbidity in a severity-dependent manner. The degree of lipid peroxidation correlates with the degree of intermittent hypoxia.
